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In this article, we give a review about the basic idea for modelling some fundamental mathematical models
which are weU-known and have been applied in ecological research fields. Focusing on the functional form
of the density effect, we describe the way of time-discrete model derivation. Especially in this article, we
argue the modeling for the interspecific reaction of the predation, and discuss some possible extension of the
standard modelling about the predation relationship.
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, ,
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2. 1 Verhulst
,
, ,
, logistic
:
$\frac{1}{N(t)}\frac{dN(t)}{dt}=r0-\beta N(t)$ (1)
, $t$ ( ) $r_{0}$ ,
, (intrinsic growth rate) $\beta$ ,
(1) ,
$N(t)= \frac{r_{0}/\beta}{1-\{1-\#^{o_{0\urcorner}}\}e^{-rot}}$
(2)
logistic , , $N(O)>0$
$r_{0}/\beta$ ( ;carrying capacity)
, logistic (2) $h$ (2) , $t=kh$ {
$N_{k}=N(kh)$ $t=(k+1)h$ $N_{k+1}=N((k+1)h)$ $e^{-r_{O}kh}$ ,
2 , \langle , ,
. , ,
3
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2: Verhulst
, $N_{k+1}$ $N_{k}$ :
$N_{k+1}= \frac{1}{1+\phi_{r_{O}}(h)\beta N_{k}}\cdot e^{r_{O}h}N_{k}$ (3)
,
$\phi_{r_{v}}(h)=\frac{e^{roh}-1}{r_{0}}$ (4)
(3) , , Verhulst
Pierre Frangoi8 Verhukst ,
, Beverton&Holt [4] Beven@ n Holt
(3) ,
$logi_{8}tic$ (3) ,
$harrow 0$ , logistic (1) $|^{\vee}$.
M.P. Hasseil [12] , (3)
;
$N_{k+1}= \frac{N_{k}}{a+bN_{k}}$ (5)
, Verhulst Beverton-
Holt $N_{k}$ $N_{k+1}$ , $a<1$
, , 2 Verhulst , $a\geq 1$ ,
, $karrow\infty$ $N_{k}arrow 0$ ,
, Verhulst (3) (5)
logistic (1) , Verhulst (3) ,
, logistic (1) ,
, Verhu18t (3) (5) ,
[47] ,
$\frac{dN(t)}{dt}=\{r_{0}-D(N(t))\}N(t)$ ,
$N(t+h)= \frac{1}{1+\phi_{r_{Q}}(h)D(N(t))}\cdot N(t)e^{r_{0}h}$ ( , $\phi_{r_{O}}(h)$ , (4) )
4
14
, $D(N)$ , $h$ ,
(dynamical consistencey” ( ))
2.2 Ricker
$\frac{1}{N(t)}\frac{dN(t)}{dt}=r(N(t),t)$
, :
$\frac{d\log N(t)}{dt}=r(N(t),t)$ (6)
, (6) .
log $N(t+\Delta t)\approx\log N(t)+r(N(t),t)\Delta t$ (7)
,
$N(t+\Delta t)\approx N(t)\cdot e^{r(N(t),t)\Delta t}$
logistic (1) ,
$N(t+\Delta t)\approx N(t)\cdot e^{[ro(t)-\beta(t)N(t)]\Delta t}$
, $N(k\Delta t)(k=0,1,2, \ldots)$ $N_{k}$ , $r_{0}(k\Delta t)\Delta t$ $\beta(k\Delta t)\Delta t$ , ,
$\tilde{\alpha}_{k},\tilde{\rho}_{k}$ , :
$N_{k+1}=N_{k}\cdot e^{\overline{\alpha}_{k}-\overline{\rho}_{k}N_{k}}$ (8)
(8) , 1954 W am Edwin Ricker [39]
, , , , Ricker
3
2.3 Verhulst
21 , M.P. Hassell [12] , (3) (5)
, , Verhu :
$N_{k+1}= \frac{N_{k}}{[a+bN_{k}]^{\theta}}$ (9)
$a,$ $b,$ $\theta$ , $\theta$ ,
( ) ,
, 4
3 der- \alpha .n
4 $\theta$ , Haldane [11] $k$
, , [19]
5
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(9) $N_{k}$ $N_{k+1}$ , $\theta\leq 1$ , , Verhulst
$\theta\leq 1$ , $a<1$ ,
, $karrow\infty$ $N_{k}$ $N^{*}=(1-a)/b$ , $a\geq 1$
, $karrow\infty$ $N_{k}arrow 0$ ,
, $\theta>1$ , (9) $N_{k}$ $N_{k+1}$ , 22 , Ricker
(8) , , , $N_{k}arrow\infty$
, 5 , $\theta>1$
$a\geq 1$ , $karrow\infty$ $N_{k}arrow 0$ , $\theta>1$ $a<1$ ,
$karrow\infty$ $N_{k}$ , $\theta$ $a$ :
(1) $\theta\leq 2$ $a<1$ , $N^{*}=(1-a)/b$ 6
(2) $\theta>2$ $(\theta-2)/\theta<a<1$ , $N^{*}=(1-a)/b$
(3) $\theta>2$ $a<(\theta-2)/\theta$ , $karrow\infty$ , $a$
,
(4) $\theta(>2)$ , $a$ , $karrow\infty$ ,
(9) Verhulst , (Maynard
Smith&Slatkin [30], Bellows [3]) :
$N_{k+1}= \frac{N_{k}}{a+\{bN_{k}\}^{\theta}}$ (10)
, (9) , $a,$ $b,$ $\theta$ , . $\theta$ ,
(9) (10)
, , ,
, Verhulst , logistic
$\frac{dN(t)}{dt}=\{r_{0}-\beta[N(t)]^{\alpha}\}N(t)$ (11)
$\alpha$ ,
$\alpha$
, logistic
(1) } :
$N(t)=[ \frac{r_{0}/\beta}{1-\{1-Nr_{0}\ovalbox{\tt\small REJECT}_{\alpha}\beta\}e^{-\alpha rot}}]^{1/\alpha}$ (12)
Verhulst (3) ,
, :
$N_{k+1}= \frac{1}{[1+\phi_{\alpha ro}(h)\alpha\beta N_{k}^{\alpha}]^{1/\alpha}}\cdot e^{roh}N_{k}$ (13)
,
$\phi_{\alpha r_{O}}(h)=\frac{e^{\alpha r_{0}h}-1}{\alpha r_{0}}$
$S$ , $-$ 9 .
, $\theta$
6 $N_{0}$ , $karrow\infty$ $N_{k}arrow N^{*}$
6
16
, Verhulst (9), (10)
, Verhulst (9), (10) logistic (11)
3
3.1 Mass-action
, , ,
, :
$\alpha A+\beta Barrow\gamma C$ (14)
, $-d[A]/dt,$ $-d[B]/dt$, , $d[C]/dt$
[A], [B], [C] ,
, $\mathcal{V}$ , :
$\mathcal{V}=-\frac{1}{\alpha}\frac{d[A]}{dt}=-\frac{1}{\beta}\frac{d[B]}{dt}=\frac{1}{\gamma}\frac{d[C]}{dt}$ (15)
, , $j$
: $\mathcal{V}=\mathcal{V}(c_{1},c_{2}, \ldots,c_{j})$ ( , $c_{k}(k=1,2,$ $\ldots,j)$ , $k$ ) $\mathcal{V}$ ,
(rate law) , (rate equation) \mbox{\boldmath $\tau$},
( ) :
$\mathcal{V}=V(c_{1},c_{2}, \ldots,c_{j})=\kappa\cdot c_{1}^{n_{1}}c_{2}^{\mathfrak{n}_{2}}c_{3}^{n_{S}}\cdots c_{j}^{\mathfrak{n}_{j}}$ (16)
, , (law of kinetic mass action)
$\sum_{k\approx 1}^{j}n_{k}$ , (reaction order, kinetic order) ,
$\kappa$ , (rate constant) , $n_{k}1$ , $k$
8 9 , , (law of mass action)
, ,
$c_{1}^{\mathfrak{n}_{1}}c_{2}^{n_{2}}c_{\theta^{a}}^{\mathfrak{n}}\cdots c_{j}^{\mathfrak{n}_{j}}=$
,
, , $j$
( ) , (16) ,
, ,
, , , mass-action
. mass-action ,
, mass-action
,
7 , (16) ,
, (16)
8
9 . , Amdur&Hunmes $[1, 2]$
[22] .
7
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$\ulcorner_{mas}$ -action , ( ) $\Gamma$mass-action
( ) ,
, , $j$
(16) $\text{ _{}mas}$ -action
, Lotb-Volterra , mass-action
, , (16) , 1
Lotka-Volterra , $1-$
, ,
, ,
, , Lotka-Volterra
, 2 , , (16)
. 3 3 , 1
, $\iota nass$-action * Lotka-Volterra
, Alfred James Lotka $[27, 28]$ 1925 ,
Vito Isacar Volterra [59] 1926 ,
mass-action
, ,
, Lotka-Volterra
, ,
, , ,
11 ,
, $mas\triangleright action$ Lotka-Volterra
, (mean-field approximation) , ,
,
, , ,
, ,
, , ,
3.2 Michaelis-Menten
$Mi\bm{i}aelis-Menten$ ( ) , $ichaelis-Mmlten$
(Michaelis-Menten reaction velocity equation) , , $MichaeIis-Menten$ (Michaelis-
Menten equation) ,
, , ( , substrate)
(complex; , ) , ,
, $10^{-8}$ $10^{-10}M$ , ,
10 , . , , (inter-specific interaction)
, $r$ , ,
11 , , ,
, ( )
8
18
, , $10^{-6}$ , , ,
, , ( )
, ,
, (steady-state kinetic studies)
$E$ , $S$ , X, $P$ , ,
:
$E+s_{k_{-1}k-2}^{k_{1}k_{2}}=X=E+P$ (17)
Michaelis-Menten (Michaelis-Menten structure)
(17) , , A [A] ,
12 :
$\frac{d[E]}{dt}$ $=$ $-k_{1}[E][S]-k_{-2}[E][P]+(k_{-1}+k_{2})[X]$ (18)
$\frac{d[X]}{dt}$ $=$ $k_{1}[E][S]+k_{-2}[E][P]-(k_{-1}+k_{2})[X]$ (19)
$\frac{d[S]}{dt}$ $=$ $-k_{1}[E][S]+k_{-1}[X]$ (20)
$\frac{d[P]}{dt}$ $=$ $k_{2}[X]-k_{-2}[E][P]$ (21)
, (17) ( , ) .
$E$ $S$ $[E]0,$ $[S]_{0}$ , ,
$[E]_{0}$ $=$ $[E]+[X]$ (22)
$[S]_{0}$ $=$ $[S]+[P]+[X]$ (23)
$[E]_{0},$ $[S]0$
, (22) (23) , $d[E]/dt=-d[X]/dt$, , $-d[S]/dt=d[P]/dt+d[X]/dt$
, , ,
. [S], [P] , [X] ,
(23) ,
$[S]_{0}\approx[S]+[P]$ (24)
,
13 , $d[X]/dt\approx 0$, , $d[E]/dt\approx 0$ (22) $d[X]/dt\approx 0$
(19) , [E] [X] [S] [P] , (20) , $S$ $\mathcal{V}$ ,
$S$ $P$ , :
$\mathcal{V}=-\frac{d[S]}{dt}(\approx\frac{d[P]}{dt}I\approx\frac{(V_{m}/K_{m})[S]-(V_{P}/K_{P})[P]}{1+[S]/K_{m}+[P]/K_{P}}$ (25)
,
$V_{m}=k_{2}[E]0$ ; $V_{P}=k_{-1}[E]0$ ; $K_{m}= \frac{k_{-1}+k_{2}}{k_{1}}$ ; $K_{P}= \frac{k_{-1}+k_{2}}{k_{-2}}$
12 31 ^ $maae\cdot action$
13 (quasi-8teady state $appr\alpha lmation$) $Briggs-Haldane$a v u (stationary state aPproximation)
9
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3; Michaelis-Menten (26)
(25) ( ) $MichaeIis-Me\mathfrak{n}te\mathfrak{n}$ , , Michaelis-Menten ,
$K_{m}$ Michaelis Michaeli8 Menten , ( )
$K_{m}$ $K_{P}$ ,
,
(17) , , $k_{-2}=0$
, Michaehhs-Menten (25) ( ) :
$\mathcal{V}=-\frac{d[S]}{dt}(\approx\frac{d[P]}{dt})\approx\frac{V_{m}}{1+K_{m}/[S]}$ (26)
(26) , [P] \langle , Michaelis-Menten (25) , $K_{P}arrow+\infty$
(26) Michaelis-Menten , , Michaelis-Menten
(26) , 3
,
, , 2 , (25) (26)
:
$E+s_{k_{-1}k_{-2}^{-}k_{-\theta}}^{k_{1}k_{2}k_{\theta}}=X_{1}arrow X_{2}=E+P$ (27)
:
$\frac{d[E]}{dt}$ $=$ $-k_{1}[E][S]-k_{-3}[E][P]+k_{3}[X_{2}]+k_{-1}[X_{1}]$ (28)
$\frac{d[X_{1}]}{dt}$ $=$ $k_{1}[E][S]+k_{-2}[X_{2}]-(k_{-1}+k_{2})[X_{1}]$ (29)
$\frac{d[X_{2}]}{dt}$ $=$ $k_{2}[X_{1}]+k_{-3}[E][P]-(k_{-2}+k_{3})[X_{2}]$ (30)
$\frac{d[S]}{dt}$ $=$ $-k_{1}[E][S]+k_{-1}[X_{1}]$ (31)
$\frac{d[P]}{dt}$ $=$ $k_{3}[X_{2}]-k_{-3}[E][P]$ (32)
, $\check{}$ ,
$[E]0$ $=$ $[E]+[X_{1}]+[X_{2}]$ (33)
10
20
$[S]_{0}$ $=$ $[S]+[P]+[X_{1}]+[X_{2}]$ (34)
,
2 , $d[X_{1}]/dt\approx 0$ $d[X_{1}]/dt\approx 0$
, , (25) (26) , $K_{m},$ $K_{P},$ $V_{m},$ $V_{P}$
;
$K_{m}= \frac{k_{2}k_{3}+k_{-1}k_{3}+k_{-1}k_{-2}}{k_{1}(k_{-2}+k_{2}+k_{3})}$ ; $K_{P}= \frac{k_{2}k_{3}+k_{-1}k_{3}+k_{-1}k_{-2}}{k_{-3}(k_{-2}+k_{-1}+k_{2})}$
$V_{m}= \frac{k_{2}k_{\theta}}{k_{-2}+k_{2}+k_{3}}[E]_{0}$ ; $V_{P}= \frac{k_{-2}k_{-1}}{k_{-2}+k_{-1}+k_{2}}[E]_{0}$
, ,
, $Michaelis-Menten$ ,
, , ( , inhibitor) I ,
,
$E+$ I $\frac{arrow}{k_{-}}k+$ EI (35)
, (17) (27)
, , 31 mas&action ,
$\frac{d[I]}{dt}$ $=$ $-k_{+}[E][I]+k_{-}[EI]$ (36)
$\frac{d[EI]}{dt}$ $=$ $k_{+}[E][I]-k_{-}[EI]$ (37)
, (17) (27)
, (35) ,
, $d\beta$] $/dt\approx 0$ , $K_{I}=k+/k_{-}$ , I
$\mathcal{V}$ , :
$\mathcal{V}=-\frac{d[S]}{dt}\approx\frac{(V_{m}/K_{m})[S]-(V_{P}/K_{P})[P]}{1+K_{I}[I]+[S]/K_{m}+[P]/K_{P}}$ (38)
, De Boer&Perelson [8] Huisman&De Boer [18], Borghans et al. [5]
16 , 2
:
$N_{1}+N_{2\frac{arrow}{\gamma-}}^{\gamma+}Carrow\sigma N_{2}(1+\kappa)$ (39)
, Ni $(i=1,2)$ 2 ( )
, $C$ , ,
$14k_{-S}=0$
15 , ,
, [38, 44, 45, 46, 58]
11
21
( ) ,
$\gamma+$ ’ 16 $\gamma_{-}$
, , 1 , 2 $\sigma$
, $\kappa$ (39)
, 2 1 , 2 1
, 2 1
(39) , , ,
, ( , , )
17 :
$\frac{dN_{1}(t)}{dt}$ $=$ $g(N_{1}, t)-\gamma+N_{2}(t)N_{1}(t)+\gamma_{-}C(t)$ (40)
$\frac{dC(t)}{dt}$ $=$ $\gamma+N_{2}(t)N_{1}(t)-m_{C}(C,t)-\gamma_{-}C(t)-\sigma C(t)$ (41)
$\frac{dN_{2}(t)}{dt}$ $=$ $\sigma(1+\kappa)C(t)-m_{2}(N_{2},t)-\gamma+N_{1}(t)N_{2}(t)$ (42)
$g(N_{1}, t)$ , , $t$ 1 ( )
$m_{2}(N_{2},t)$ , $t1$ 2 ( )
, $m_{C}(C, t)$ , $t$ ( )
, Michaelis-Menten , $C$
$N_{1},$ $N_{2}$
$C$ $N_{1},$ $N_{2}$ ,
$N_{1},$ $N_{2}$ , $C$
( ) , , $t$ ,
$dC/dt\approx O$ , (41) ,
$\gamma+N_{2}(t)N_{1}(t)-m_{C}(C,t)-\gamma-C(t)-\sigma C(t)\approx O$
$t$ $C$ $N_{1},$ $N_{2}$ ,
(40) (42) , $m_{C}(C,t)=\delta_{C}C_{1}m_{2}(N_{2},t)=\delta_{2}N_{2}$
( $\delta_{C}$ $\delta_{2}$ ) , , 2 $\overline{N}_{2}(t)=N_{2}(t)+C(t)$
, :
$C(t) \approx\frac{N_{1}(t)}{k_{h}+N_{1}(t)}\overline{N}_{2}(t)$ (43)
,
$k_{h}= \frac{\gamma_{-}+\delta_{C}+\sigma}{\gamma+}$
(43) , $(4t\vdash 42)$ , $N_{1}$ $\pi_{2}$
18 :
$\frac{dN_{1}(t)}{dt}$ $=$ $g(N_{1},t)-( \delta_{C}+\sigma)\frac{N_{1}(t)}{k_{h}+N_{1}(t)}\pi_{2}(t)$ $(u)$
$\frac{d\overline{N}_{2}(t)}{\underline dt}=-\delta_{2}\pi_{2}+K(\delta_{C}+\sigma)\frac{N_{1}(t)}{k_{h}+N_{1}(t)}\overline{N}_{2}(t)$ (45)
16
$17[]$
18 , 2 $\overline{N}_{2}(t)$ , $N_{1}$ ]
12
22
,$K= \frac{\sigma\kappa+\delta_{2}-(\gamma_{-}+\delta_{C})}{\delta_{C}+\sigma}$
(44) (45) , , Michaelis-Menten
19 $K\leq 0$ , , $\sigma\kappa+\delta_{2}\leq\gamma-+\delta_{C}$ , , 2
(i.e. $tarrow\infty$ N2(t)\rightarrow 0) , ,
, 2
, (44) (45) , , $(40\triangleleft 2)$
,
, $N_{1},$ $N_{2}$
, $(4\triangleright 42)$
, (44) (45)
, 2 (39) , $\nu+l$
$(i=1,2, \ldots,\nu;j=1,2, \ldots,l)$ :
$H_{:}+P_{j\frac{\gamma_{j\wedge^{+}}}{\gamma_{j}^{-}}}C_{ij}^{\sigma}\dot{d}^{1}P_{j}(1+\kappa_{1j})$ (46)
, 2 (39) ,
20:
$\frac{dH_{1}(t)}{dt}$ $=$ $g_{i}(H_{1},t)- \sum_{j=1}^{l}\gamma_{1j}^{+}H_{i}(t)P_{j}(t)+\sum_{j=1}^{l}\gamma_{1j}^{-}C_{jj}(t)$ (47)
$\frac{dC_{1j}(t)}{dt}$ $=$ $\gamma_{1j}^{+}H_{1}(t)P_{j}(t)-D_{ij}C_{\dot{\iota}j}(t)-\gamma_{1j}^{-}C_{1j}(t)-\sigma {}_{:j}C_{1j}(t)$ (48)
$\frac{dP_{j}(t)}{dt}$ $=$ $\sum_{1=1}^{\nu}\sigma_{ij}(1+\kappa_{ij})C_{ij}(t)-\delta_{j}P_{j}(t)-\sum_{i=1}^{\nu}\gamma_{1j}^{+}H_{1}(t)P_{j}(t)$ (49)
, $t$ , $dC_{tj}/dt\approx 0$ $i,$ $j$
, (48) , $i,$ $j$ ,
$H_{1}(t)P_{j}(t)-k_{1j}C_{1j}(t)\approx O$ (50)
$t$ ,
$k_{1j}= \frac{\gamma_{1j}^{-}+D_{1j}+\sigma_{1j}}{\gamma_{1j}^{+}}$
, $P_{j}$
$\overline{P}_{j}(t)=P_{j}(t)+\sum_{:=1}^{\nu}C_{1j}(t)$ (51)
19 , 4.6 Holling Holling’s TyPe II reeponae ( 42
; $p.21$ ) Holling (107) ( 46 ;p.32)
2 , $[]$
13
23
, (50) ,
$C_{ij}(t) \approx\frac{H_{i}(t)/k_{ij}}{1+\sum_{i=1}^{\nu}H_{i}(t)/k_{ij}}\overline{P}_{j}(t)$ (52)
(50-52) (47-49) , $H_{i},$ $\overline{P}_{j}(i=1,2,$ $\ldots,$ $\nu;i=$
$1,2,$
$\ldots,$
$l$ ) :
$\frac{dH_{j}(t)}{dt}$ $=$ $g_{i}(H_{i},t)- \sum_{j=1}^{l}(D_{1j}+\sigma_{ij})\frac{H_{1}\cdot(t)/k_{j}}{1+\sum_{n=1}^{\nu}H_{n}(t)/k_{nj}}\overline{P}_{j}(t)$ (53)
$\frac{d\overline{P}_{j}(t)}{dt}$
$=$ $- \delta_{j}\overline{P}_{j}(t)+\sum_{1=1}^{\nu}K_{ji}(D_{1j}+\sigma_{jj})\frac{H_{1}(t)/k_{2j}}{1+\sum_{n=1}^{\nu}H_{n}(t)/k_{\mathfrak{n}j}}\overline{P}_{j}(t)$ (54)
,
$K_{ji}= \frac{\sigma_{ij}\kappa_{tj}+\delta_{j}-(\gamma_{1j}^{-}+D_{1j})}{D_{1j}+\sigma_{1j}}$
, 2 (53) (54)
, (44) (45) 2
Michaelis-Menten $21_{\text{ }}$
33
Poisaen :Royama
, , 22 logistic
(8) , Tomoo Royama ( ) (1992) [43]
, , ,
$k$ . $i$
$r_{k}(i)$ , $k$ ,
*i , , $i$ .
, 1 $i$ $P_{k}(i)$
$r_{k}(1)$ , $k$ , $P_{k}(1)$
, $k$
( ) $\langle r\rangle_{k}$ :
$\langle r\rangle_{k}=\sum_{j=1}^{+\infty}r_{k}(i)P_{k}(i)$ (55)
(55) , ,
, $i$
$j(\neq i)$
, ( )
21 , 4.6 ^ , HolUng Holl-ing
(118) (119) [p.35]
14
24
, $i$ |
$\langle r\rangle_{k}$ , , $\langle r\rangle_{k}=N_{k+1}/N_{k}$ , (55) ,
:
$N_{k+1}=N_{k}$ . $\sum_{:=1}^{+\infty}r_{k}(i)P_{k}(i)$ (56)
, , $P_{k}(i)$ ,
, $k$ , $k$ ( ) $N_{k}$
, (56) ,
, $k$ $\{P_{k}(i)|i=1,2, \ldots\}$ ( ) Poisson
,
$P_{k}(i)= \frac{\gamma_{k}^{1-1}c^{-\gamma_{k}}}{(i-1)!}$ $(i=1,2, \ldots)$ (57)
, $\gamma_{k}=\gamma_{k}(N_{k})$ , , $k$ $N_{k}$
$Poi\epsilon\epsilon on$ $\{P_{k}(i)\}$ , $k$ ( )
$\langle i\rangle_{k}$ :
$\langle i\rangle_{k}=\sum_{j=1}^{+\infty}j\cdot P_{k}(j)=\gamma_{k}+1$
$\gamma_{k}(N_{k})$ $N_{k}$ , ( ) , (
$\langle i\rangle_{k}$ )
, $k$ $i$ $r_{k}(i)$ ,
$r_{k}(i)=r_{k}(1)\mu_{k}^{1-1}$ (58)
$\mu_{k}$ , $k$
, $0<\mu_{k}\leq 1$ $\mu_{k}$ ,
Pois-sson (57) (58) (55) , $k$
( ) ($r\rangle_{k}$ :
$\langle r\rangle_{k}=r_{k}(1)\cdot e^{-\langle 1-\mu_{k})\gamma_{k}}=e^{\ln r_{k}(1)-(1-\mu_{k})\gamma_{k}}$ (59)
, (56) ,
$N_{k+1}=N_{k}\cdot e^{\ln r_{k}(1)-\langle 1-\mu_{k})\gamma_{k}}$ (60)
$\gamma_{k}(N_{k})$ $N_{k}$ , , $\gamma_{k}(N\sim=s_{k^{N}}k$ , (60) , .
22 Ricker (8) $s_{k}$ , $k$
$s_{k}=0$ , $k$
, (8) (60) ,
, (8) $\tilde{\alpha}_{k}$ } , $k$ (
) , $\tilde{\rho}_{k}$ , , ,
, 22 , logistic
(1) Ricker (8) , ,
logistic
15
25
Skellam
, ,
$k$ $i$
$r_{k}(i)$ ,
$r_{k}(i)= \frac{r_{k}(1)}{i}$ (61)
,
Poiaeon (57) (61) (55) , $k$
( ) $\langle r\rangle_{k}$ :
$\langle r\rangle_{k}=\frac{r_{k}(1)}{\gamma_{k}}(1-e^{-\gamma_{k}})$ (62)
, (56) ,
$N_{k+1}= \frac{r_{k}(1)}{\gamma_{k}}N_{k}(1-e^{-\gamma_{k}})$ (63)
$\gamma_{k}=\gamma_{k}(N_{k})$ $N_{k}$ , , $\gamma_{k}(N_{k})=s_{k}N_{k}$ , (63) ,
$N_{k+1}= \frac{r_{k}(1)}{s_{k}}(1-e^{-k}N_{k})$ (64)
John Gordon Skellam (1951) [52] , Royama [43] ,
(64) , Skellam
$r_{k}(1)=r(1)$ $s_{k}=s$ , Skellam (64) logistic
$r(1)\leq 1$ , $r(1)>1$
, [ (carrying caPacity)]
Royama [43] ,
$k$ , $i$ $P_{k}(i)$ Poisson
, Royama [43] , Poisson
,
,
,
, . $\{P_{k}(i)|i=1,2, \ldots\}$ ($g\infty metric$ distrlbution)
:
$P_{k}(i)=(1-z_{k})z_{k}^{1-1}$ $(0<z_{k}<1)$ (65)
$z_{k}$ $N_{k}$ $z_{k}=z_{k}(N_{k})$ .
$k$
( ) $\langle n\rangle_{k}$ , ,
$\langle n\rangle_{k}=\frac{1}{1-z_{k}}$
16
26
$z_{k}$ 1 $\langle n\rangle_{k}$ $\langle n\rangle_{k}$ ,
$P_{k}(i)(65)$ :
$\ovalbox{\tt\small REJECT}(i)=\frac{1}{\langle n\rangle_{k}}(\frac{\langle n\rangle_{k}-1}{\langle n\rangle_{k}})^{i-1}$
$k$ $i$ $r_{k}(i)$ ,
(58) , (56)
:
$N_{k+1}=r_{k}(1)N_{k} \cdot\frac{1-z_{k}}{1-\mu_{k}z_{k}}$ (66)
,
$z_{k}=z_{k}(N_{k})= \frac{v_{k}N_{k}}{w_{k}+N_{k}}$ (67)
$\{P_{k}(i)|i=1,2, \ldots\}$ $N_{k}$
, $z_{k}$ , $N_{k}$ 1
, (67) $v_{k}$ $w_{k}$ , $0<v_{k}\leq 1$ $0<w_{k}$
(67) $z_{k}$ $N_{k}$ , $N_{k}$ , $z_{k}$
$v_{k}(\leq 1)$ , $N_{k}$ ($n\rangle_{k}$
, (66) , :
$N_{k+1}=r_{k}(1)N_{k} \cdot\frac{w_{k}+(1-v_{k})N_{k}}{w_{k}+(1-\mu_{k}v_{k})N_{k}}$ (68)
, 33 Skellam (64) ,
$r_{k}(i)(61)$ , $\{P_{k}(i)|i=1,2, \ldots\}$ (65)
, $k$
( ) ($r\rangle_{k}$ | , (55) , :
$(r\rangle_{k}$ $=$ $\sum_{:=1}^{+\infty}\frac{r_{k}(1)}{i}(1-z_{k})z_{k}^{1-1}=r_{k}(1)\frac{1-z_{k}}{z_{k}}\sum_{:-1}^{+\infty}\frac{1}{i}z_{k}^{*}$
$=$ $r_{k}(1) \frac{1-z_{k}}{z_{k}}\int_{0}^{z_{k}}\frac{1}{1-x}dx=r_{k}(1)\frac{1-z_{k}}{z_{k}}\ln\frac{1}{1-z_{k}}$ (69)
( ) ($r\rangle_{k}$ (56) , $z_{k}$ $N_{k}$
,
, $z_{k}$ $N_{k}$ ,
[48]
, ,
$\{r_{k}(i)\}$ (58)
, (56)
, Royama [43] ,
[48]
17
27
4: Site-ba8ed
$Sit\triangleright based$
, Sumpter &Broomhead $(2\mathfrak{W}1)[55]$ . Johansson &Sumpter (2003) [20], Brdnnstr\"om &
Sumpter (2005) [6] Royama [43] $sit\triangleright ba\infty d$
,
$t=$ “site”) $k$ ,
, $i$ $p_{k}(i)$ $p_{k}(i)$ ,
, $k$ $N_{k}$
( ) , , $k$
, $i$ ( ) $r_{k}(i)$ . $k$
, $i$ ( ) $\phi_{k}(i)$ $\phi_{k}(i)=r_{k}($ $\cdot i$
$K_{*}$ , $k$ , $i$
( $i\rangle_{k}$ , ($i\rangle_{k}=K_{i}\cdot p_{k}(i)$ ,
, $k+1$ :
$N_{k+1}= \sum_{i=0}^{+\infty}\phi_{k}(i)\langle i\rangle_{k}=K_{\epsilon}\sum_{i=1}^{+\infty}i\cdot r_{k}(i)p_{k}(i)$ (70)
(70) $\dot{a}te-\cdot baggd$ ( 4 )
Royama [43] (56) , sitebased
, , ,
( ) , site-based ,
, ( ) ,
( ) 22
, $K_{i}$ ,
, , $N$ , $i$ $p_{\epsilon}(i)$
$+\infty$
22 (70) $\sum i\cdot r_{k}(i)p_{k}(i)_{\text{ }}$
$i=0$
18
28
23 :
$p_{s}(i)$ $=$ $(N -i+K_{s} K_{s}-2 -2)/(\begin{array}{ll}N+K_{\epsilon} -lK_{\theta} -1\end{array})=(K_{\delta}-1) \prod_{j=0}^{i-1}(N-j)/\prod_{j=1}^{i+1}(N+K_{s}-j)$
$=$ $(1- \frac{1}{K_{\delta}})\prod_{j=0}^{i-1}(\frac{N}{K_{\theta}}-\frac{j}{K_{s}})/\prod_{j=1}^{i+1}(\frac{N}{K_{s}}+1-\frac{j}{K_{\delta}})$ $(i=1,2, \ldots, N)$
$N$ $K_{l}$ , (geometric distribution)
:
$p_{s}(i) \approx\frac{1}{(n)+1}(\frac{\langle n\rangle}{(n\rangle+1})^{1}$ $(i=0,1,2, \ldots)$
, ( $n\rangle$ $=N/K_{\iota}$
. $k$ , , $i$ $p_{k}(i)$
:
$p_{k}(i)= \frac{1}{(n\rangle_{k}+1}(\frac{(n\rangle_{k}}{(n\rangle_{k}+1}$ : $(i=0,1,2, \ldots)$ (71)
, ($n\rangle_{k}=N_{k}/K_{l}$ , $k$ ( )
, $k$ , $i$ ( ) $r_{k}(i)$
(58) , (70) ,
[48] :
$N_{k+1}$ $=$ $r_{k}(1) \cdot\frac{N_{k}}{\{1+(1-\mu_{k})N_{k}/K_{l}\}^{2}}$ . (72)
, 23 Verhu (9) $\theta=2$
,
. 33 Skellam (64) ,
$r_{k}(i)(61)$ , (70) (71) ,
[48] :
$N_{k+1}$ $=$ $r_{k}(1) \cdot\frac{N_{k}}{1+N_{k}/K_{J}}$ (73)
, 21 Verhukst (3), M.P. Hassell [12]
(5) 24
, 1 25
, 2 26 $i$
$2\epsilon_{N}$
$K_{l}$ ( ) , [56] 6
24$p_{k}(i)$ Poiseon , 33 Skellam (64) $|6,20$]
25 , 1 ,
( )
26 $[6, 20]$ , $p_{k}(:)$ $Po\dot oe$on . $i$ ( ) $\phi_{k}(i)=r_{k}(i)\cdot i$
.
$\phi_{k}$ ( $\ovalbox{\tt\small REJECT}$
$b$ if $i=1$ ;
$0$ otherwise
19
29
( ) $r_{k}(i)$ :
$r_{k}(i)=\{\begin{array}{ll}r_{k}(1) if i=1;0 otherwise\end{array}$ (74)
, (70) , $N_{k+1}=K_{\delta}r_{k}(1)p_{k}(1)$ , $p_{k}(i)$ (71) ,
$N_{k+1}=r_{k}(1) \cdot\frac{N_{k}}{(1+N_{k}/K_{\epsilon})^{2}}$ (75)
, $i$
( ) $r_{k}(i)$ (58)
(72) , 23 , $\theta=2$ Verhulst (9) 27
4 , site-based ,
( ) ,
28 ,
, , ( ) $r_{k}(i)$ ,
. $p_{k}(i)$ ,
( ) $r_{k}(i)$ $p_{k}(i)$
33 , , ,
,
29 , $(\Re mi- 8patial$
model) $3-$ ,
, ,
4
4.1
(predator; ) ,
(prey; ) 31 , \dashv (prey-predator system, , predator-prey
system) , , (inter-
specific relationship), , (community structure) ,
( , ) , , ,
, ,
32 , , ( )
, , , (parasitism)
, (parasite; ) (host; ) 33
$2\tau_{p_{k}(i)}$ Poiaeon . Ri $k$ $[6, 20]$
28 ,
29 , . ,
$30_{Fihp\epsilon}$ et al. (2004) [9]
31 ,
32 , ,
38 ,
, , r ,
20
30
, (ectoparasitism) (endoparasitism)
, , , ,
(parasitoid ; , ) 34
, - , , ,
, ( )
, - , ,
, , ( )
, , ,
, , , ,
, 35 ,
,
,
42
,
[53] : (numerical response), (ffinctional response) ,
, , , 1
( , ) , ,
, ( )
1959 Crawford Stanley HoBing $[14, 15]$ , , ,
( 5 ) :
Holling’s Type Iresponae] , ( )
,
[Holling’s Type II responsel ,
, , ( )
[Holling’s Type III response]
, ,
, $S$ ( )
,
, 1 ,
, ,
.
, , ,
Type III , , ,
, $S$ ,
34 tt. th (parasite) ts re
85 ,
21
31
$\frac{\iota y_{\mu\Pi}}{=}$
.
\gamma $m$
$Z$
nr
5: Holling
, ,
,
( , ), ,
(Holling [16]) \searrow ,
(Hassell et al. [13]) , ( ,
;shelter) , , , ,
, , ,
( )
4.3 \dashv
1 , ,
,
$P$, $H$ , $t$ 1
$f(P,H, t)$ , ( ) $P$ [ ] $\Delta t$ $\Delta Y$ ,
$\Delta Y=f(P,H,t)P\Delta t+O(\{\Delta t\}^{2})$ (76)
$f(P,H,t)$ , $t$ 1 ( )
, , :
$\frac{\partial f}{\partial P}\leq 0\frac{\partial f}{\partial H}\geq 0$ (77)
, (77) $f(P, H,t)$ ,
,
, ,
, , $f(P, H,t)$
22
32
, , 1
, $f(P, H, t)$ , ( $P$ ) $f$
Robert May [29] , $f$ , ( ) May
, , $f$
$t$ { $H=H(t)$ , $t$ $\Delta t$ $\Delta H=H(t+\Delta t)-$
$H(t)$ , ( .
) ,
$\Delta H=-\Delta Y+\Delta G$
36 , $\Delta G$ , $t$ $\Delta t$
$\Delta G$ , , H. $t$ , $\Delta t$ , .
$H(t+\Delta t)-H(t)=-f(P,H,t)P\Delta t+O(\{\Delta t\}^{2})+\Delta G$ (78)
,
(78) , $\Delta t$ , $\Delta tarrow 0$ , ,
. :
$\frac{dH(t)}{dt}=g(H, t)-f(P,H,t)P$ (79)
(79) $g(H,t)$ ,
$\Delta G$
$\lim_{\Delta tarrow 0}=g(H,t)\overline{\Delta t}$
, ,
$\frac{dP(t)}{dt}=-m(P,t)+F(P,H, t)P$ (80)
$m(P,t)$ ,
, $m(P,t)$ ,
$F(P, H, t)P$
, $f(P, H, t)P$
, , $f(P,H,t)P$ ,
, $F(P, H, t)P$ ,
, 100 , 100
, 2 , 2
, $F(P,H, t)P$ $\kappa f(P, H, t)P(\kappa$ , , $t$
$\kappa=\kappa(t))$ $\kappa$ , , ( )
([enery] conversion coefficient) ,
, $f(P,H,t)P$
$F(P,H,t)P$
, , 1 $f(P, H,t)$ , $f(P,H,t)P$
$f(P, H,t)$ 1 $F(P,H,t)$
36 , $\Delta H$ . $\Delta Y$ , r , $P$ r , $\Delta Y$ .
, ,
23
33
, $f(P, H, t)$ , $F(P, H, t)$ ,
, ,
2kg , 1
kg 2 , , 2
,
,
, $F(P, H,t)P$ $f(P,H,t)P$ , $P$ $H$ ( , t)
$F$ $f$ , $F=F(f(P, H,t))$
, $F$ , , $F$
$F$ Robert May [29] , $F$
, ( 42 ) , May ,
, $F$
Lotka $VoIterra$ (Lotka-Volterra predation process) , $Loth-Volterra$
, (79) ,
$f(P,H,t)P=\gamma(t)HP$ (81)
$\gamma(t)$ , , $t$
, , , $f(P,H,t)=\gamma(t)H$
, 1
, 1 41 $f$ (77)
. (77) , ( )
, (80) $F(\dot{P},H,t)P$ , 41
, $f(P, H,t)P$ Lotk-Volterra , $F(P,H,t)P$
tka-Volterra $F(P, H,t)P$ ,
, , 1
$f(P, H,t)$ 1 $F(P,H,t)$
, , $F(P, H,t)=\kappa(t)f(P, H,t)(\kappa(t)$ , $t$
) , 1 1
, Alfred James Lotka $[27, 28]$ Vito Isacar Volterra $[59, 60]$
Lotka-Volterra \rightarrow
(Lotka-Volterra prey-predator system) , (81) ,
$F(P,H,t)P=\kappa(t)\gamma(t)HP$ (82)
, Lotka Volterra -
:
$\{\begin{array}{ll}\frac{dH(t)}{dt}= r_{K}H(t)-\gamma H(t)P(t)\frac{dP(t)}{dt}= \text{ }\delta_{P}P(t)+\kappa\gamma H(t)P(t)\end{array}$ (83)
4.4 Nicholson-Bmlley
Alexander John Nicholson Victor Albert Balley ,
1930 (Nicholson [35], Nicholson&Bailey [37])
24
34
, , Nicholson-Bailey Nich$olson-Bailey$ ,
(parasite-host relationship)
, -
Nicholson-Bailey ,
, $H_{0}$
$S$ , , , , $s$ ,
( ) $H(s)$ , $H(O)=H_{0}$
, $S\cdot H_{0}$ ,
$S\cdot H(s)$ , $S\cdot H0-S\cdot H(s)$ ,
$s$ , $Z(s)$ , $Z(s)=H_{0}-H(s)$
$\Delta s$ , ( )
$\Delta s$ ,
$s$ $S\cdot H(s)$ , $S\cdot H(s)-S\cdot H(s+\Delta s)$
, , ,
$H$ 1 $\sigma(H)(\leq 1)$
, , ,
$s$ , , $\Delta s$ ,
37
$\sigma(H(s))H(s)\Delta s+O(\{\Delta s\}^{2})$
38 , $\Delta s$ , $\Delta Z$ ,
$\Delta Z=\frac{\sigma(H(s))H(s)\Delta\epsilon}{S}+O(\{\Delta s\}^{2})$
$\Delta Z$ , , $\Delta s$
$S\cdot H(s)-S\cdot H(s+\Delta s)$ $S$ , ,
$H(s)-H(s+ \Delta s)=\frac{\sigma(H(s))H(s)\Delta s}{S}+O(\{\Delta s\}^{2})$ (84)
, $\Delta sarrow 0$ ,
$\frac{dH(s)}{d\epsilon}=-\frac{\sigma(H(s))H(s)}{S}$
, :
$s=-S \int_{H(0)}^{H(\cdot)}\frac{1}{\sigma(h)h}d$ (85)
(85) , $s$ , $H$
Nicholson-Bailey , $\sigma$
, (85) , , , -
:
$H(s)=H_{0}e^{-\sigma\iota/S}$ (86)
37 , ,
38 . (multi-parasitism, polyparasitism) ,
1 , , , , ,
, , ,
25
35
, ,
(86) , $s$ ,
$Z(s)$ ,
$Z(s)=H_{0}\cdot(1-e^{-\sigma\epsilon/S})$ (87)
, $P$ 39 ,
$s$ , 1 ( , , ) , $\epsilon/P$
, 1 $a$ ( )
, $P$ ( ) , $aP$
40 \sim ( ) $t$ , $t=s/aP$
, , (86), (87) , , $t$
:
$H(t)$ $=$ $H_{0}\cdot e^{-\sigma a(P/S)t}$ (88)
$Z(t)$ $=$ $H_{0}\cdot\{1-e^{-\sigma a\langle P/S)t}\}$ (89)
( ) $Z(t)$ , $P$ ,
, , 1 $Z(t)/P$
$P$
, , , .
, $T$
, (88) , $H(T)$
, $H(T)$
$H$ , $R(H)$ ,
$H$ ,
$R(H)H$ ,
, , $Q(H)$ , $Q$ ,
$H$ , $k$
$H_{k}$ , $H_{k}^{\epsilon nd}$ , (88) ,
$H_{k}^{\epsilon nd}=H_{k}e^{-\sigma a(P/S)T}$
, $k+1$ $H_{k+1}$ , ,
$H_{k+1}=R(H_{k}^{\epsilon n\text{\‘{e}}})\cdot H_{k}^{end}+Q(H_{k}^{end})\cdot H_{k}^{ond}$ (90)
( ) Nicholson-Bdey , $R$ $Q$
, $(\mathfrak{X})$ , :
$H_{k+1}=(R+Q)\cdot H_{k}\cdot e^{-\sigma a\langle P/S)T}$ (91)
39 $P$ , ,
,
40 .
, , 1 $a$
$a=a(P)$
26
36
(91) , , NichoIson-Bailey
41
, 1 , $Po$
, $T$ $S\cdot Z(T)$ ,
( ) , $p_{0}\cdot S\cdot Z(T)$ ,
, , ,
$\theta$
$Po$ , ,
, Po , ,
, , $Po$ $\theta$
, $k$ $P_{k}$ ,
( ) ,
(89) ,
$p_{0}\cdot S\cdot H_{k}\cdot\{1-e^{-\sigma a(P_{k}/S)T}\}$
, $k+1$
( ) Pk+l :
$P_{k+1}=\theta P_{k}+p_{0}\cdot S\cdot H_{k}\cdot\{1-e^{-\sigma a\langle P_{k}/S)T}\}$
( ) $\overline{P}_{k}=P_{k}/S$ :
$\overline{P}_{k+1}=\theta\overline{P}_{k}+m\cdot H_{k}\cdot\{1-e^{-\sigma aF_{k}r}\}$ (92)
, (91) (92) ,
42 2 Nichokon-Bailey
(91) , , , ,
, , ( ) , ,
, , ( ) \searrow
,
,
, ,
(91) , ,
, ,
, (90) $R(H_{k}^{ond})+Q(H_{k}^{end})$
Verhulst , ,
, , , Ricker
, , , ,
, ,
Nicholson-Bailey , 6 , \langle , Neimark-Sacker
$43_{\text{ }}$
41Nichokon-Bailey (91) . $Poi\infty on$ .
, [48]
42 , (91) $P/S$ . $\overline{P}_{k}$
43Naimark-Sucker Sacker-Neimark , $s\infty ondary$ Hopf , toru8
Neimark-Sacker . , Seyde1[50], $Kuznet_{8}ov[25]$ [24]
27
37
6: Nicholson-Bailey (90), (92)
(a) Verhul-st , $R(x)+Q(x)=ro/(1+0.5x)$ ; (b) Ricker .
$R(x)+Q(x)=r_{0}\exp[-0.5x]_{b}\sigma aT=0.5;9=0.2;p_{0}=2.0_{\text{ }}$
Nicholson-Bailey , ,
, Nicholson-Balley
,
, Nicholson-Balley , -
, , (89) $Z(t)$ , $t$
, $Z(t)$ , , Nicholson-Bailey
4.5 Lotka-Volterra \rightarrow .
, -
41 , \dashv , - ,
,
, ,
, , [23] ,
( , , ) ,
, , .
,
, ,
[7, 26, 31, 32, 33, 34, 40, 41] ,
[49] , Loth-Volterra
(83) ( ) (dynamicaUy $consi_{8}tent$
28
38
(a)
$H$
7: $(H, P)$ Lotka-Volterra (83) ( ) \models
(93) ( ) ,
, ($neutrau_{y}$ stable)
( ) , , .
dynamical $\infty nsistency$ (a) $h=0.5$
(1500 ) ;(b) $h=20.0$ (3000 $\check{\tau}$ ) $r_{H}=1.0;\gamma=1.0;\kappa=0.01;\delta_{P}=0.1$
) ( 7 ) :
$\{\begin{array}{l}H_{k+1}=e^{rnh}H_{k}\{1-\Pi_{h}(P_{k})\}P_{k+1}=e^{-\delta_{P}h}\{P_{k}+\kappa\frac{\phi_{P}(\text{ })}{\phi_{H}(\text{ })}e^{mh}H_{k}\cdot\Pi_{h}(P_{k})\}\end{array}$ (93)
.
$\phi_{H}(h)=\frac{e^{r_{H}h}-1}{r_{H}};\phi_{P}(h)=\frac{e^{\delta_{P}h}-1}{\delta_{P}};\Pi_{h}(P_{k})=\frac{\phi_{H}(\text{ })\gamma P_{k}}{1+\phi_{H}(h)\gamma P_{k}}$
, $h$ $\Pi_{h}$
, Lotka-Volterra
\dashv (83) maes-action (Lotka-Volterra ) $h$
( ) mass-action
Lotka-Volterra ,
,
, $\kappa\phi_{P}(h)/\phi_{H}(h)$ , [49]
, logistic dynamically consistent Lokta-Volterra
Kermack-McKendrick , 1
\mbox{\boldmath $\lambda$} dynamical consistency
4.6 Holling
, Crawford Stanley Holling $[14, 15]$ , 1959
, (Royama, Tomoo) [42]
29
39
, , HoiIing (Holling’s disc equation)
, $R$
, , $R$ (disc) ( )
, 8 , $R$
44 , $t$ $V(t)$ , $t$
$t+\Delta t$
$2R \int^{t+\Delta t}V(z)dz$ (94)
$P$ 45 , $\Delta t$ ,
$P \cdot 2R\int^{t+\Delta t}V(z)dz$ (95)
46 , $t$ $H(t)$ , $P$ $\Delta t$
$\Delta Y$ ,
$\Delta Y=\sigma\cdot H(t)\cdot P\cdot 2R\int^{t+\Delta t}V(z)dz+O(\{\Delta t\}^{2})$ (96)
, $\sigma$ , , 1
, $1-\sigma$ ,
, : , ( ), $H(O)$
,
47 $S$ ,
$(t=0)$ $SH(O)$ , , $SH(O)$
48
, $t$ $H(t)$ , $t$ $\Delta t$
:
$H(t+ \Delta t)-H(t)=\frac{SH(t)-\Delta Y(t)}{S}-H(t)=-\frac{\Delta Y(t)}{S}$ (97)
, (96) ,
$\frac{H(t+\Delta t)-H(t)}{\Delta t}$ $=$
$- \frac{2\sigma RPH(t)}{S}\cdot\frac{\int_{t}^{t+\Delta t}V(z)dz}{\Delta t}-\frac{O(\{\Delta t\}^{2})}{\Delta t}$
$- \frac{2\sigma RPH(t)}{S}\cdot\frac{\int_{0}^{t+\Delta t}V(z)dz-\int_{0}^{t}V(z)dz}{\Delta t}+O(\Delta t)$
44 , , , , ,
, , ,
, , ,
, 8 , 2 $J$ ,
( )
45 , $P$ .
46 . $R$ ,
47 , , ,
, .
48 ,
30
40
8:
$\Delta tarrow 0$ , $H(t)$
$\frac{dH(t)}{dt}=-2\sigma RV(t)\cdot\frac{P}{S}\cdot H(t)$ (98)
49
(98) ,
, , , 3.1
$mas\triangleright action$ Lotka-Volterra ,
, 31 mass-action \langle Loth-Volterra
41 , 1 ( $t$ ) $f$ ,
, $H$ , (98) , $f=f(H,t)=2\sigma RV(t)H(t)/S\propto H(t)$
, ,
41 , 44 , Nicholson-Bailey 44
, 1 $a$ , , 2RV
, (98) :
$H(t)=H(0) \cdot\exp[-2\sigma R\int_{0}^{t}V(\tau)\frac{P}{S}d\tau]$ (99)
, $t$ $Y(t)=SH(0)-SH(t)$ ,
$Y(t)=SH(0)\{1$ -exp $[-2 \sigma R\int_{0}^{t}V(\tau)\frac{P}{S}d\tau]\}$ (100)
, , 44 , Nicholson-Balley (89)
$V$ ( $P$)
,
$Y(t)=SH(O)(1-e^{-2\sigma RV[P/S]t})$
$49P/S$ ,
31
41
, , , ,
,
(handling time )
$h$ , $t$ , $t/h$ , $\Delta\tau$
1 $\Delta y$ 5 , $h$
, $\Delta y$ $h\Delta y$ , ,
$\Delta\tau-h\Delta y$
, , $V$
( ) , (96) , $t$ $H(t)$
, $P$ $t$ $t+\Delta\tau$ $\Delta Y=P\Delta y$ ,
$\Delta Y=2\sigma RVH(t)(\Delta\tau$ - $\Delta y)P+O(\{\Delta\tau\}^{2})$ (101)
,
$\Delta Y=\frac{2\sigma RVPH(t)}{1+2\sigma RVH(t)\text{ }}\Delta\tau+O(\{\Delta\tau\}^{2})$ (102)
51 , (98) , (97) , $H(t)$
52:
$\frac{dH(t)}{dt}=-\frac{2\sigma RVH(t)}{1+2\sigma hRVH(t)}\cdot\frac{P}{S}$ (103)
1 ( $t$ ) $f(=\Delta Y/P\Delta\tau)$ , $H$
,
$f=f(H)= \frac{a\sigma H(t)}{1+a\sigma \text{ }H(t)}$ (104)
$a=2RV$ 53
(103) , , $H$ $t$
:
$H(t)=H(0)$ . ea\mbox{\boldmath $\sigma$}[h{H(O)-H(t)}-[P/ $t$] (105)
(105) , handling time , $t$
$Y(t)=SH(0)-SH(t)$ , ,
$Y(t)=SH(O)\{1-e^{a\sigma[h\cdot Y(t)-[P/S]t]\}}$ (106)
, . 44 * Nichokon-Bailey (89)
, 1 $f$
$f=f(H) \propto\frac{\alpha H(t)}{1+\alpha hH(t)}$ (107)
50 , , $\Delta y<\Delta\tau/h$
51 . $V$ $V=V(t)$
52 \langle ) , (103) ,
. $G(H)$
63$a$ , 1 44 , 1
$a$ $V$ , $V=V(t)$ ,
, $a$ $a=a(t)$
32
42
9: Holling (104) $H$ 1 $f$
, 1/ Holhhng’s TyPe II $roepon8e$
$f$ Hdling (Hollng’s $d$ equation) $u$ , $\alpha$ ,
(104) Holling 1 $f$ , 9
, Holling’s Type II response ( 42 )
handling time 1
, . $k$ 46 ,
, $R$ $t$
$i$ $H_{1}(t)$ , $i$ $\sigma\iota$ . handling time
$h_{:}$ , , $i$ $g_{1}$ 65
, $\Delta\tau$ 1 $\Delta m$ 1
$\Delta y$ , , $i$ \Delta ,
$\Delta\mu_{i}=\frac{\sigma_{1}H_{i}}{\sum_{j=1}^{k}\sigma_{j}H_{j}}\Delta y$ (108)
, , 1 ,
$i$
$\sigma_{i}$ , , $H_{1}$ ,
56 , $\sigma_{j}H_{1}$
, $\Delta y$ $\Delta\mu\iota$ . $\sigma_{i}H_{i}$ $\sum_{j=1}^{k}\sigma_{j}H_{j}$
, $\Delta\tau$ 1 $\Delta m$ ,
$\Delta m=\sum_{:=1}^{k}g_{I}\Delta\mu:=\sum_{:\approx 1}^{k}g_{*}\cdot\frac{\sigma_{i}H}{\sum_{j=1}^{k}\sigma_{j}H_{\dot{f}}}\Delta y$ (109)
54 $R$ , , ,
1 , handling time $h$ . , 1 , ( )
, Holling
55g\sim $i$ 1
$\epsilon\iota$ , ,
33
43
$i$ $h_{i}$ , $\Delta y$
,
$\sum_{i=1}^{k}h_{i}\Delta\mu_{i}=\sum_{i=1}^{k}\text{ _{}i}\frac{\sigma_{i}H_{i}}{\sum_{j=1}^{k}\sigma_{j}H_{j}}\Delta y$
, $\Delta\tau$ $\Delta T$ , $\Delta\tau$
$\Delta T=\Delta\tau-\sum_{i=1}^{k}h_{*}\cdot\frac{\sigma_{i}H_{1}}{\sum_{j=1}^{k}\sigma_{j}H_{j}}\Delta y$ (110)
(110) , $\Delta\tau$ ( ) . $2RV\Delta T$ ,
$n$ , $2RV\Delta T\cdot H_{n}+O(\{\Delta\tau\}^{2})$ 67 , 1 $\Delta\tau$
$\Delta y$ ,
$\Delta y=\sum_{n=1}^{k}\sigma_{n}\cdot 2RV\Delta T\cdot H_{\mathfrak{n}}+O(\{\Delta\tau\}^{2})$ (111)
58 (110) (111) ,
$\frac{\Delta y}{\Delta\prime r}=\frac{2RV\sum_{n=1}^{k}\sigma_{n}H_{n}}{1+2RV\sum_{i\approx 1}^{k}h:\sigma_{1}H_{1}}+\frac{O(\{\Delta.\tau\}^{2})}{\Delta r}$ (112)
, $P$ $\Delta\tau$ $\Delta M=P\Delta m$
, (109) (111) ,
$\Delta M=\sum_{n=1}^{k}g_{n}\sigma_{n}\cdot 2RV\Delta T\cdot H_{n}P+O(\{\Delta\tau\}^{2})$
, (112) , ,
$\frac{\Delta M}{\Delta\tau}=\frac{2RV\sum_{\mathfrak{n}=1}^{k}g_{n}\sigma_{n}H_{n}}{1+2RV\sum_{t=1}^{k}h_{\dot{*}}\sigma_{i}H_{1}}\cdot P+\frac{O(\{\Delta\tau\}^{2})}{\Delta\tau}$ (113)
$i$ $t$ $H_{i}(t)$ , , (97) , $t$
$\Delta t$ :
$H_{1}(t+\Delta\tau)-H_{j}(t)$ $=$ $\frac{SH_{i}(t)-P\Delta\mu:}{S}-H_{j}(t)=-\frac{\sigma_{1}H_{1}(t)}{\sum_{j=1}^{k}\sigma_{j}H_{j}(t)}\Delta y\cdot\frac{P}{S}$
, (112) , :
$\frac{H_{i}(t+\Delta\tau)-H:(t)}{\Delta\tau}=-\frac{2RV\sigma_{i}H_{1}(t)}{1+2RV\sum_{j-1}^{k}h_{j}\sigma_{j}H_{j}(t)}\cdot\frac{P}{S}+\frac{O(\{\Delta\tau\}^{2})}{\Delta\tau}$
$\epsilon\tau\Delta\tau$ , , $\Delta\tau$
$O(\{\Delta r\}^{2})$
$68(111)$ , $\Delta\tau$ 1 $n$ $\sigma_{\hslash}$
34
44
, $\Delta\tauarrow 0$ ,
$\frac{dH_{i}(t)}{dt}=-\frac{2RV\sigma_{i}H_{i}(t)}{1+2RV\sum_{j=1}^{k}h_{j}\sigma_{j}H_{j}(t)}\cdot\frac{P}{S}$ (114)
$i$ $H_{i}(t)$ 69
, handling time , , $i$ } , $=0$ , (114)
, 31 , maes-action
Lotka-Volterra ,
, , 41 , 44 , Nicholson-Bailey
1 $f$ , (113) ,
$f=f(H_{1},H_{2}, \ldots, H_{k})=\frac{\sum_{n=1}^{k}g_{n}a\sigma_{n}H_{n}}{1+\sum_{i\approx 1}^{k}h_{1}a\sigma_{1}H_{*}}$ (115)
, $a=2RV$ $i$ , Hoiling (115)
, , $H_{i}$ , 1
$f$ . , , $i$
handling time , $i$
, $i$ ,
, handling time
, $P$ ( ) ,
$P$ , $l$
, $R_{t}$ , $V_{l}$ , $i$ , $i$
handling time $h_{1l}$ , , , $i$
$H_{*}(t)$ ,
$\frac{dH_{1}(t)}{dt}=-\frac{1}{S}\sum_{t=1}^{P}\frac{2R_{t}V_{l}\sigma_{1t}H_{1}\cdot(t)}{1+2R_{l}V_{F}\sum_{j=1}^{k}h_{jl}\sigma_{jl}H_{j}(t)}$ (116)
, $l$ ,
$f_{t}=f_{l}(H_{1},H_{2}, \ldots,H_{k})=\frac{\sum_{n-1}^{k}.g_{ln}a_{l}\sigma_{nl}H_{n}}{1+\sum_{1=1}^{k}h_{il}a\iota\sigma_{1l}H_{1}}$ (117)
$60_{\text{ }}$ , $a\iota=2R_{l}V_{t}$
, , $n$ , $P_{k}$ $(k=1,2, \ldots,n)$
, (116) .
$\frac{dH_{1}\cdot(t)}{dt}=-\sum_{l=1}^{\mathfrak{n}}\frac{2R_{l}V_{l}\sigma_{1l}H_{i}(t)}{1+2R_{l}V_{l}\sum_{j=1}^{k}h_{jl}\sigma_{jl}H_{j}(t)}$ . $\frac{\mathfrak{Z}}{S}$ (118)
, $i$ $f_{j}$ ,
$f_{j}=f_{j}(H_{1}, H_{2}, \ldots, H_{k})=\frac{\sum_{l\sim 1}^{k}g_{jl}a_{j}\sigma_{lj}H_{l}}{1+\sum_{1\approx 1}^{k}h_{*j}a_{j}\sigma {}_{:j}H_{1}}$ (119)
59 ( , ) , (114)
, , $G_{1}(H_{1}, H_{2}, \ldots,H_{k})$
60 , $g_{ln}$ $n$ 1 $l$ 1 .
,
35
45
$(a_{j}=2R_{j}V_{j})61$
32 $\nu$ $l$
(53) (54) (118) (119)
, (46)
, Holling
(46)
Holling handling time
5
2 , ,
, , (predation
pressure) ,
$\bullet$
$\bullet$
, (Diet selection $th\infty ry^{62}$ )
, r (foraging theory) 1 \sim
, 1 ,
, , ,
, ,
51 :
1 , $n$ ,
\searrow , (optimal diet selection theory)
, ,
, :
1. 1 ,
2.
3.
61 , (119) , (117) , , ,
, (116), (117) (118), (119) ,
62Diet menu $th\infty ry$
63 , Stephen-s&Kre [54] , . [21],
[19] , , Hughg [17], FryxeU&Lundberg [10]
36
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4.
5. 1 , (handling time)
$i$ 1 , $h_{i}$ ( ; $i=1,2,$ $\ldots,$ $n-1,$ $n$ )
64
$\circ$
6. 65
7.
8. , , ,
$i$ $\lambda_{:}$ ( ; $i=1,2,$ $\ldots,n-1,n$) 66
9. 1 , ,
$i$ 1 $g_{i}$ ( ;
$i=1,2,$ $\ldots,n-1,n$)
, $i$ 1 , 1
$p_{i}(0\leq Pt\leq 1;i=1,2, \ldots,n-1,n)$
$P\iota$
$(p_{1},p_{2}, \ldots ,p_{\mathfrak{n}})$ ,
1 , , $\sum_{1\sim 1}^{n}\lambda_{j}$
, 1 $T_{\delta}$ , $1/ \sum_{1=1}^{n}\lambda_{i}$
$T_{\epsilon}$
1 , $i$ $q_{i}$ ,
$q:= \frac{\lambda_{i}}{\sum_{j=1}^{n}\lambda_{j}}$ (120)
, 1 ,
$T_{h}$ , 1 , $i$ , , $P:q_{i}$ ,
$T_{h}= \sum_{:-1}^{n}p_{i}q_{i}h_{j}$ (121)
, 1 , $G$ ,
$G= \sum_{:=1}^{n}p_{i}q_{i}g$: (122)
1 , , T. $+T_{h}$ , , (120),
(121), (122) . $W$ :
$W$ $=$ $\frac{G}{T_{l}+T_{h}}=\frac{\sum_{\approx 1}^{n}\lambda_{1}p_{1}\cdot g_{1}}{1+\sum n\lambda_{1}\cdot p_{1}\cdot h_{i}}$ (123)
64 , . $\llcorner$ , , (\sim )
, ,
65 , , \searrow
.
, ,
. .
$\epsilon\epsilon_{\lambda_{l}}$
$i$ ( )
37
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, 2 , ,
$W$ $p_{j}$
$= \ovalbox{\tt\small REJECT}\lambda_{j}g_{j}(1+\sum_{i=1,:\neq j}^{n}\lambda_{1}p_{i}\text{ _{}i})-\lambda_{j}h_{j}\sum_{i=1,i\neq j}^{n}\lambda_{1}p_{i}g_{i}(1+\sum_{i=1}^{n}^{\frac{\partial W}{\partial p_{j}}}\lambda_{i}p_{1}\text{ _{}\dot{8}})^{2}$ (124)
, $\partial W/\partial p_{j}$ $Pj$ , $W$ $(p_{1}^{*},p_{2}^{*}, \ldots,p_{n}^{*})$
, $i$ $p_{1}^{*}$ $0$ 1
, $p_{i}^{*}$ $0$ \searrow , (124) :
$\frac{\partial W}{\partial p_{j}}=\frac{\lambda_{j}\text{ _{}j}}{1+\sum_{1-1}^{\mathfrak{n}}\lambda_{i}p_{1\text{ _{}i}}}(\frac{g_{j}}{h_{j}}-W)$ (125)
(125) $p_{i}=P_{1}^{S}(i=1,2, \ldots,n)$ , $W$ $W=W^{s}$
, , :
$\frac{g_{1}}{h_{1}}\geq\frac{g_{2}}{h_{2}}\geq\frac{g_{3}}{h_{3}}\geq\cdots\geq\frac{g_{n-1}}{h_{n-1}}\geq\frac{g_{n}}{\text{ _{}n}}$
,
g‘/ $i$ ,
$i$ ,
$W$ $W=W^{t}$ ,
$\frac{g_{1}}{h_{1}}\geq\frac{g_{2}}{h_{2}}\geq\cdots\geq\frac{g_{k}}{h_{k}}>W^{r}>\frac{g_{k\cdot+1}}{h_{k+1}}\geq\cdots\geq\frac{g_{n}}{h_{n}}$
$k$. , (125) , $i=1,2,$ $\ldots,$ $k^{*}$
. $i=k^{*}+1,$ $k^{*}+2,$ $\cdots,$ $n$ , $p_{1}^{*}=p_{2}^{*}=\cdots=p_{k}^{*}$ . $=1$
$p_{k+1}^{*}=p_{k\cdot+2}^{*}=...$ $=p_{n}^{r}=0$ , , g:/ $i$
, ,
(menu) ,
, , $k^{*}$ ,
:
$\frac{g_{k^{e}}}{h_{k}}>W_{k}\cdot>\frac{g_{k^{*}+1}}{h_{k+1}}$ (126)
,
$W_{k}= \frac{\sum_{j}^{k}--1\lambda_{1}g_{i}}{1+\sum_{i=1}^{k}\lambda_{1}h_{1}}$ (127)
, $W_{k}$ , 1 $k$ , , $k$
$W_{1}= \frac{\lambda_{1}g_{1}}{1+\lambda_{1}h_{1}}<\frac{g_{1}}{\text{ _{}1}}$
, $\lambda_{1}$ , (126) ,
, , 1
38
48
$k$
$W_{k}$ , 46
Holling (115), 1 $f$ ,
Holling ,
, , (126)
, $k$ , $k+1$ ,
$\frac{g_{k+1}}{\text{ _{}k+1}}>W_{k}$
$k+1$ , $k+2$ ,
$\frac{g_{k+1}}{h_{k+1}}<W_{k}$
$k+1$ ,
, , $k$
, $g_{k}/h_{k}$ , $\lambda_{k}$
, $k$
$W_{k}$ , :
$W_{1}<W_{2}<\cdots<W_{k-1}<W_{k}\cdot>W_{k+1}>\cdots>W_{\mathfrak{n}-1}>W_{n}$
, $W_{k}$ , $k$ , , $W_{k}$
, , , $i$
, $k$
, $k+1$ ,
$W_{k+1}>W_{k}$
$k+1$ , $k+2$ ,
$W_{k+1}<W_{k}$
$k+1$ ,
, , $W_{k}$ , $W_{k+1}$ , $k$
, $g_{k}/h_{k}$ ,
$\lambda_{k}$
, ,
, , $k$
$k+1$ , ,
, .
, ,
, , ,
, $W_{k}$
5.2 :
, (effort allocation, allocation of
effort) ,
39
49
, Holling ,
Holling
, , , $R$
, , ,
, all-or-none
( ) , ,
(switching predation)
1 ( ; $\mu edation$ effort 67)
$E$ , 1 . $E$
,
, $k$ , $i$ $\theta_{:}$
$\sum_{1\approx 1}^{k}\theta_{i}=1$ , $i$ $e_{i}$
. $e=9E$ , 1 , $i$ , ,
$e$: ( , ) ,
, , $i$
$\varphi:=\alpha eH_{i}$
, $\alpha$: , $i$
$H_{1}$ $i$ ( ) , 1
$f$ ,
$f= \sum_{:\approx 1}^{k}\varphi:=E\sum_{:=1}^{k}\alpha:\theta_{1}H_{1}$ (128)
, 2 $(k=2)$ , $\theta_{1}+9_{2}=1$
,
$\frac{\partial f}{\partial\theta_{j}}=E(\alpha_{j}H_{j}-\alpha:H_{i})$ $(i,j=1,2;i\neq j)$
, $\alpha_{1}H_{1}>\alpha_{2}H_{2}$ , $\theta_{1}$ , $\theta_{2}$
$f$ $\alpha_{1}H_{1}<\alpha_{2}H_{2}$ , $\theta_{1}$
, $\theta_{2}$ 68
$\theta_{t}$ , $i$ , , $H_{:}$
, $\theta_{j}(j\neq i)$ , $j$ ,
$H_{j}$ $\alpha_{j}H_{j}<\alpha_{i}H_{1}(i\neq j)$ , $\theta_{1}$ , $i$
67 , $(scarChi\mathfrak{n}geff\alpha t)$
$6\epsilon_{\alpha_{1}H_{1}}>\alpha_{2}H_{2}$ . $\theta_{1}=1,$ $\theta_{2}=0$ . $\alpha_{1}H_{1}<\alpha_{2}H_{2}$ . $9_{1}=0,$ $\theta_{2}=1$ $all-or$-none
rbang-bang , $\theta$:
40
50
$B$
10: (129) $\theta_{1}$ (130) 1
$f$ $E=1;\alpha_{1}=1;\alpha_{2}=0.8;H_{1}=1$
, $H_{1}$ , ,
, $\partial f/\partial\theta_{1}=\partial f/\partial\theta_{2}=0$, , $\alpha_{1}H_{1}=\alpha_{2}H_{2}$ 69
, , $\theta_{:}(i=1,2)$
$\alpha_{i}(i=1,2)$
, , , $\theta_{1}$
, $\theta_{i}$
2 , $\theta_{i}$ ,
:
$\theta_{i}=\theta_{i}(H_{1}, H_{2})=\frac{(\alpha_{i}H_{1})^{n}}{(\alpha_{1}H_{1})^{n}+(\alpha_{2}H_{2})^{n}}$ $(i=1,2)$ (129)
$n$ , 10 , ,
$n$ 70 , $n=0$ , ,
, $\theta_{1}=\theta_{2}=1/2$ , $n=0$ , ,
, , 71
(129) , 1
$f$ , (128) ,
$f=E \cdot\frac{(\alpha_{1}H_{1})^{n+1}+(\alpha_{2}H_{2})^{n+1}}{(\alpha_{1}H_{1})^{n}+(\alpha_{2}H_{2})^{n}}$ (130)
10 , (129) $(n>0)$ ,
$(n=0)$ ( , )
, , $n$ $n$
$\alpha_{1}H_{1}=\alpha_{2}H_{2}$
6’
7 , $\mathfrak{n}arrow+\infty$ $bang-ba$
71 , , ,
,
72 , , bang-bang
41
51
2 1 $(\alpha_{1}H_{1}<\alpha_{2}H_{2})$ , 1
, , 2 ,
2 ,
2 , ,
2 , 1 , , 2
1 $(\alpha_{1}H_{1}>\alpha_{2}H_{2})$ , 1
$\uparrow f$, 2 1 10
, , , $\alpha_{1}H_{1}=\alpha_{2}H_{2}$
$H_{i}(i=1,2)$ , (129)
, $\theta_{1}=\theta_{2}=1/2$ , , ,
$(n=0)$ , , ,
, ,
, , ,
$\alpha_{1}H_{1}=\alpha_{2}H_{2}$
, , , , 2
,
, , , 2 2
, , 1
, .
(ideal free distribution) 73 2
, $H_{1}$ : $H_{2}=\alpha_{2}$ : $\alpha_{1}$
(129) , 1
$f$ , (129) ,
, $\alpha_{t}$
, $\theta_{i}$
$\theta_{1}=\theta_{1}(H_{1},H_{2})=\frac{(\beta_{1}H_{i})^{n}}{(\beta_{1}H_{1})^{n}+(\ H_{2})^{n}}$ $(i=1,2)$ (131)
(131) $\beta_{:}$ , $i$ (favorableness) ,
$\alpha$: 74 $\beta_{1}$ , , 1
, , , $\beta_{1}$
, , 1
, 1 ( ) 75
73 (probability matching) ( , .
[57] )
$74\beta_{1}=c\alpha$:($i=1,2;c$ $i$ ) ,
75 , , (
)
42
52
11: (131) $9_{1}$ (132) 1
$f$ $E=1;\alpha_{1}=1;\alpha_{2}=0.8;\beta_{1}=3;$ &=1; $H_{1}=1$
(131) } 1
$f$ , (128) ,
$f=E \cdot\frac{\alpha_{1}H_{1}(\beta_{1}H_{1})^{\mathfrak{n}}+\alpha_{2}H_{2}(hH_{2})^{n}}{(\beta_{1}H_{1})^{n}+(\beta_{2}H_{2})^{n}}$ (132)
(131) , ,
(129) , ,
$(n=0)$ , 11 , .
( $=$ )
(131) , $\alpha_{1}H_{1}=\alpha_{2}H_{2}$ , $\beta_{1}H_{1}=\ H_{2}$
$(n=0)$ $(n>0)$ $f$
,
min $\{\frac{\alpha_{1}}{\alpha_{2}}H_{1},$ $\frac{\beta_{1}}{\beta_{2}}H_{1}\}<H_{2}<\max t^{\frac{\alpha_{1}}{\alpha_{2}}H_{1},\frac{\beta_{1}}{\ }H_{1}} \}$
, (131) $(n>0)$ , $(n=0)$
( 11 )
Holling
, 46 Hollng
46 , , $R$
76 , 1 $f$ (115)
46 , $\theta_{i}$ Holling , Holling
(115) $\sigma_{j}$ $\sigma_{i}\theta_{i}$ , $\theta_{:}$ , $R$
$i$ ,
, $R$ $i$ ,
, (115) , $f$ ,
$f=f(H_{1}, H_{2}, \ldots, H_{k})=\frac{\sum_{j\sim 1}^{k}.g_{j}a\sigma_{j}\theta_{j}H_{j}}{1+\sum_{1\approx 1}^{k}h_{1}a\sigma_{j}\theta_{1}H_{1}}$ (133)
76 . $1-\sigma_{t}$ $i$
43
53
, 2 $(k=2)$ $\theta_{1}+\theta_{2}=1$ , (133)
,
$\frac{\partial f}{\partial\theta_{1}}$ $=$ $\frac{(1+h_{1}a\sigma_{i}H_{i})(1+h_{j}a\sigma_{j}H_{j})}{(1+h_{1}a\sigma_{1}\theta_{1}H_{1}+h_{2}a\sigma_{2}\theta_{2}H_{2})^{2}}\{\phi_{i}(H_{i})-\phi_{j}(H_{j})\}$ $(i,j=1,2;i\neq j)$
,
$\phi_{t}=\phi:(H_{1})=\frac{g_{1}a\sigma_{i}H_{j}}{1+\text{ _{}j}a\sigma_{1}H_{1}}$ $(i=1,2)$
, , Holling ,
$\phi_{1}>\phi_{2}$ , $\theta_{1}$ ( $\theta_{2}$ ) $f$
, $\phi_{1}<\phi_{2}$ , $\theta_{1}$ ( $\theta_{2}$ )
. $\phi_{i}$ , $i$ $(\theta_{i}=1;\theta_{j}=0;i,j=1,2;i\neq j)$
1 77 , $\phi_{1}>$
, : 1
78
, , $\theta_{j}$
:
$\theta_{:}$ $=$ $\theta_{:}(H_{1},H_{2})=\theta_{i}(\phi_{1}, \phi_{2})$
$\frac{(\beta_{1}\phi_{i})^{\mathfrak{n}}}{(\beta_{1}\phi_{1})^{n}+(\beta_{2}\phi_{2})^{n}}$ $(i=1,2)$ (134)
A , . $i$ $\beta_{1}=$ .
( ) , (134)
Holling , $\beta_{1}\neq\beta_{2}$ ,
, , $(n=0)$ ,
$(n>0)$ $f$ $(n=0)$
, $\phi_{1}=\phi_{2}$ $\beta_{1}\phi_{1}=\beta_{2}\phi_{2}$
, ,
6
, ,
, , ,
( , ),
,
, ( ) ,
7\mbox{\boldmath $\tau$} , $\phi_{i}<g_{i}/h$:
78 , , Holling (115) w handling time ($h:=0$ for $\forall i$)
, $i$ 1
, $\alpha:9:E\cdot H_{*}$ 1
44
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